Inhibition of Yap2 activity by MAPKAP kinase Rck1 affects yeast tolerance to cadmium  by Mazzola, Daiane et al.
FEBS Letters 589 (2015) 2841–2849journal homepage: www.FEBSLetters .orgInhibition of Yap2 activity by MAPKAP kinase Rck1 affects yeast
tolerance to cadmiumhttp://dx.doi.org/10.1016/j.febslet.2015.07.049
0014-5793/ 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
Author contributions: Conceived and designed the experiments: C.P., C.R.P. Per-
formed the experiments: D.M., S.C., F.E., C.A., C.P. Analyzed the data: C.P., D.M., C.R.
P. Wrote the paper: C.P., C.R.P. Provided new tools and reagents: R.M., C.N.S., E.E.
⇑ Corresponding authors.
E-mail addresses: eliscael@iq.ufrj.br (E. Eleutherio), claudina@itqb.unl.pt (C.
Rodrigues-Pousada).
1 Both authors contributed equally to this work.Daiane Mazzola a,b,1, Catarina Pimentel a,1, Soraia Caetano a, Catarina Amaral a, Regina Menezes a,c,
Claudia N. Santos c, Elis Eleutherio b,⇑, Claudina Rodrigues-Pousada a,⇑
a Instituto de Tecnologia Química e Biológica António Xavier, Universidade Nova de Lisboa, Av. da República, EAN, 2781-901 Oeiras, Portugal
bDepartment of Biochemistry, Institute of Chemistry, Federal University of Rio de Janeiro, Avenida Athos da Silveira Ramos 149, Bloco A, Lab 547, Rio de Janeiro, RJ 21941-909, Brazil
c Instituto de Biologia Experimental e Tecnológica, Apartado 12, 2781-901 Oeiras, Portugala r t i c l e i n f o
Article history:
Received 24 March 2015
Revised 24 July 2015
Accepted 30 July 2015
Available online 18 August 2015






Yeasta b s t r a c t
Yap2 is a cadmium responsive transcription factor that interacts with MAPK-activated protein
(MAPKAP) kinase Rck1. We show that Rck1 deletion confers protection against cadmium toxicity
and that the mechanism underlying this observation relies on Yap2. Rck1 removal from the yeast
genome potentiates Yap2 activity by increasing protein half-life and delaying its nuclear export.
As a consequence, several Yap2 antioxidant targets are over-activated by a mechanism that also
requires Yap1. Several genes of the cell wall integrity (CWI) pathway are upregulated under cad-
mium stress in a Yap2 dependent way. We showed that deletion of CWI genes renders yeast cells
more sensitive to cadmium. These findings led us to suggest that in response to cadmium stress
Yap2 may serve a dual purpose: oxidative stress attenuation and cell wall maintenance.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cadmium is a health-threatening heavy metal largely used in
industry. Human exposure to this metal mainly occurs through
contaminated soil, drinking water and poisoned tobacco leaves.
Accumulation of cadmium in the liver, kidneys and lungs results
in the necrosis of these organs and eventually leads to death [1–
3]. The mechanism of cadmium toxicity has long been associated
with the fact that it is both an indirect, but potent, source of oxida-
tive stress [4,5] and an inhibitor of the DNA repair system [6,7].
Because of its strong mutagenic potential cadmium (Cd) and Cd
compounds have been classified as human carcinogens (Group 1)
by the World Health Organization’s International Agency for
Research on Cancer [8].
The budding yeast Saccharomyces cerevisiae has been
extensively used as a model organism to study the molecular
mechanisms underlying cadmium toxicity and detoxification. Inyeast, the most relevant cadmium detoxification pathway relies
on Ycf1, a vacuolar membrane transporter. Ycf1 is a member of
the ABC family of transporters and it is responsible for the seques-
tration of cadmium, conjugated with glutathione, into the vacuole
[9]. The yeast transcription factor Yap1 plays a central role in cad-
mium detoxification as it induces the expression of YCF1 [10] and
of several antioxidant defense genes [11]. Yap2 – a Yap1 paralog
– when overexpressed in a strain lacking Yap1 confers resistance
to cadmium toxicity [12]. Yap2 shuttles between the nucleus and
the cytoplasm, but in the presence of cadmium it becomes retained
in the nucleus and activates its target genes [13]. Cadmium binds
three cysteine residues of the Yap2 C-terminus (Cys391, Cys356
and Cys387), hampering its interaction with the nuclear exportin
Crm1 and leading to Yap2 nuclear accumulation [13].
Although Yap2 is clearly a cadmium-responsive transcription
factor, deletion of the corresponding gene does not increase yeast
sensitivity to cadmium [11] and for this reason the exact function
of Yap2 in cadmium detoxification remains to be clarified. Yap2
interacts with Rck1, a MAPK-activated protein kinase (MAPKAP)
involved in the response to oxidative and cell wall stresses [14–
16]. In this work in an attempt to elucidate the role of Yap2 upon
cadmium stress, we have investigated whether Rck1 affects Yap2
activity. We observed that the absence of Rck1 confers protection
against cadmium toxicity and we show that the mechanism
Fig. 1. The mutant rck1 strain is resistant to cadmium. (A) The growth of wild-type
(WT) and rck1mutant strains in SC medium untreated (Cd) or treated with 25 lM
of CdCl2 (+Cd) was monitored by means of turbidity measurements. (B) WT strain
transformed with pMET17-RCK1-HA plasmid and grown in medium without
methionine was treated with 1 mM of CdCl2 for the indicated time points and
analyzed by Western blot.
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an inhibitory effect on Yap2 activity and the possible implications
of this finding are discussed. Moreover our data suggest that
besides the recognized involvement in the oxidative stress
response, Yap2 may as well play a role in cell wall maintenance
by controlling the expression of CWI genes.
2. Materials and methods
2.1. Strains, plasmids and growth conditions
Yeast strains and plasmids used in this study are listed in Tables
S1 and S3, respectively. Yeast strains were grown YPD, synthetic
medium (SC) or SC lacking specific requirements (SD). Phenotypic
growth assays were carried out by spotting 5 ll of early exponen-
tial phase cultures (A600 = 0.4) sequentially diluted (approximately
5  103 to 50 cells) onto agar medium YPD containing the indi-
cated CdCl2 concentrations. Regarding growth curves, triplicates
of each strain were grown to stationary phase in liquid SC medium
and diluted to A600 0.05. Cells untreated or treated with 25 lM of
CdCl2 were grown at 30 C during 24 h and cell density was mea-
sured every hour. With the exception of cultures used in the
growth curve assay, liquid cultures were always treated with
1 mM of CdCl2, because Yap2 transcriptional activity appears to
be dose dependent and was maximally observed under 1 mM of
CdCl2 (Fig. S1). The Escherichia coli strain XL1-Blue (Stratagene)
was used as a host for routine cloning purposes.
2.2. Construction of the HA-tagged versions of Yap1, Yap2 and Rck1
The hemagglutinin (HA) epitope was inserted immediately
upstream the YAP1 stop codon, in frame with Yap1 ORF, by means
of a three-step PCR strategy. First, the YAP1 promoter region and
coding sequence were amplified using the primer pair A1/
YAP1_HA_Rev (YAP1_HA_Rev contained the HA sequence, see
Table S2); a second PCR, with the primer pair YAP1_HA_Fwd/A4
was used to amplify the YAP1 30UTR; PCR products were then puri-
fied and used as templates in a third PCR reaction with the primer
pair A1/A4. PCR reactions were conducted using a proofreading
polymerase (Phusion, LifeTechnologies). The third PCR product
was cloned in blunt into the pRS416 vector digested with SmaI.
The same strategy was followed to insert the HA sequence in
frame with the coding region of YAP2 and RCK1 (pYap2-HA and
pRS416_RCK1-HA). To create pMET17-RCK1-HA, pRS416_RCK1-HA
wasused as template to amplify by PCR the entireORF and the 30UTR
region, using the primers RCK1_ATG_Fw and RCK1_T_KpnI_Rv
(Table S2). The PCR product was digested with KpnI and cloned into
SmaI-KpnI digested pUG35 [17]. The plasmid pMET17-RCK1-HA con-
tained the RCK1-HA with its 30UTR, under the control ofMET17 pro-
moter. Cultures were grown in medium lacking methionine for full
expression of Rck1-HA.
2.3. Measurement of cadmium content
Measurements were carried out as described in [17]. Cd content
was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) after treatment with 25 lM of CdCl2 for
6 h. This time point was chosen because growth differences
between both strains were only observed after 6 h of treatment
with cadmium (Fig. 1A). Data was normalized against A600. All
assays were made using biological triplicates.
2.4. Quantitative real-time PCR analyses
Early log-phase cultures, grown in SC medium, were untreated
or treated with 1 mM CdCl2. Cultures were harvested at theindicated time points and RNA was extracted has described in
[18]. RNA samples were treated with DNase (TURBO DNase-free;
Ambion) according to the manufacturer’s instructions and purified
(Qiagen). Total RNA (1 lg) was reverse transcribed with Transcrip-
tor Reverse Transcriptase (Roche), qRT-PCR reactions were per-
formed in the LightCycler480, using LightCycler 480 SYBR Green I
Master (Roche). Relative standard curves were constructed for each
gene, using serial dilutions of cDNA. Gene relative expression was
calculated by the relative quantification method with efficiency
correction, using the LightCycler 480 Software 1.5. ACT1 gene
was used as a reference gene. All assays were made using biologi-
cal triplicates and technical duplicates. Primers used in this assay
are listed in Table S2.
2.5. Protein stability and phosphorylation assays
Wild type and rck1 strains transformed with pYAP1-HA or
pYAP2-HAwere grown in SD medium until early exponential phase
and left unstressed or exposed to 1 mM CdCl2 for 10 min. Cell cul-
tures were then treated with 0.1 mg/mL of cycloheximide (CHX)
and harvested at the indicated time points. Proteins were extracted
by mechanical disruption as in [17]. In phosphorylation assays,
strains were untreated or exposed to 1 mM CdCl2 for 60 min and
100 lg of total protein were treated with 5U of calf-intestinal alka-
line phosphatase (CIP, NEB) for 1 h at 37 C. Protein samples were
resolved in a 10% SDS–PAGE gel and transferred to a nitrocellulose
membrane. Protein levels were detected using anti-HA-Peroxidase,
High Affinity from rat IgG1 (Roche) and anti-a-Pgk (Invitrogen).
Pgk1 was used as loading control.
2.6. Fluorescence microscopy
Wild type and rck1 strains (in the FY background) were trans-
formed with a plasmid harboring YAP2 [13] or YAP1 [18] fused to
GFP and grown to early log phase. Cultures were treated with
1 mM of CdCl2 for 15, 60, 180, 240 min (Yap2-GFP) or 15, 30, 60
Table 1
Cadmium accumulation in the WT, yap2, rck1 and rck1yap2 cells.
Strain Cd nmol/103 cells*
WT 3.647 ± 0.027
yap2 3.683 ± 0.076
rck1 3.018 ± 0.214
yap2rck1 3.018 ± 0.012
* Data represent mean ± S.D. (n = 3).
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DNA marker, was added to cultures at a final concentration of
5 lg/mL. After washing with 1% PBS, cells were resuspended in
DABCO solution. Yap2-GFP fluorescence was analyzed in living
cells with a LEICA DMRA fluorescent microscope coupled to a dig-
ital camera.
2.7. Protein carbonylation assays
Yeast strains were grown until early exponential phase cells
and treated with 1 mM of CdCl2 for 90 or 120 min of treatment.
Cell cultures were resuspended in cell lysis buffer [50 mM Tris buf-
fer pH 7.5, 100 mM NaCl, 5 mM MgCl2, 5% b-mercaptoethanol and
protease inhibitors (Roche)]. To evaluate the presence of carbonyl
groups, an OxyBlotTM Protein Oxidation Detection Kit (Milipore)
was used. The samples were analyzed by immunoblotting and pro-
cessed as described in [18] using rabbit anti-dinitrophenol
antibody.
3. Results
3.1. The absence of Rck1 confers protection against cadmium toxicity
Rck1 was shown to have a role in oxidative stress as the dele-
tion of its gene renders cells more sensitive to t-butyl hydroperox-
ide (tBOOH) [14]. As cadmium induces oxidative stress [19], we
checked whether Rck1 could be as well involved in tolerance toFig. 2. Deletion of YAP2 gene from the rck1 background increases cadmium sensitivity.
diluted and spotted onto control YPD plates or YPD plates containing the indicated CdCcadmium stress, in yeast. As such, we monitored the growth profile
of the wild-type (WT) and rck1 mutant (rck1) strains in the pres-
ence of 25 lM of CdCl2 (Fig. 1A). Under unstressed conditions, both
strains exhibited a similar growth profile (Fig. 1A). Contrary to our
expectations, however, we observed that the WT strain was more
prone to cadmium toxicity than the rck1 mutant (Fig. 1A).
We next addressed whether the resistant growth phenotype
exhibited by rck1, could be correlated with cadmium intracellular
levels. Interestingly we found that upon treatment with 25 lM of
CdCl2 for 6 h, the rck1 strain had a slightly lower cellular cadmium
content compared to WT cells (P value = 0.022), as determined by
ICP-AES (Table 1).
Because RCK1 gene deletion confers an advantage to cell sur-
vival under cadmium stress, we also evaluated whether this metal
interferes with Rck1 protein levels. For this purpose we have
cloned RCK1 in frame with the HA epitope and assessed protein
levels in the presence of cadmium by Western blot, using an
anti-HA antibody. We could not, however, detect Rck1-HA expres-
sion driven by RCK1 natural promoter (data not shown) and as such
we have cloned the RCK1-HA fusion under control of MET17 gene
promoter, which is greatly inducible by cadmium and strongly
repressed by methionine [17,20]. Rck1 protein levels were only
detected in the absence of methionine and the presence of cad-
mium and did not vary over time after metal treatment (Fig. 1B),
suggesting that cadmium does not affect Rck1 levels.
3.2. Yap2 mediates rck1 mutant resistance to cadmium
Bilsland et al. have demonstrated that Rck1 interacts with
Yap2, but the physiological impact of this interaction has not been
elucidated [14]. Here we have addressed whether Yap2 could be
mediating the resistance of rck1 cells to cadmium. To this end,
we have deleted YAP2 gene from the rck1 mutant background
and assayed the growth of the resulting double mutant in the
presence of several cadmium concentrations (Fig. 2A). We
observed that the double mutant yap2rck1 was more sensitive
to cadmium than the rck1 mutant. This result was further con-Exponentially growing cells of the indicated backgrounds were harvested, serially
l2 concentrations. Growth was recorded after 48 h (A) or 72 h (B and * in panel A).
Fig. 3. Rck1 affects Yap2 activity and stability. (A) The WT, rck1, yap2 and yap2rck1 strains were left untreated (Cd) or treated with 1 mM of CdCl2 for 30 min (+Cd) and the
relative expression of FRM2was assessed by qRT-PCR. (B) YAP2 expression levels in theWT and rck1 strain was assessed by qRT-PCR after treatment with 1 mM of CdCl2 (+Cd)
at the indicated time points. In qRT-PCR experiments, values are the mean of biological triplicates ± S.D. (C) WT and rck1 strains transformed with pYAP2-HA plasmid were
treated with 1 mM of CdCl2 and analyzed by Western blot. Protein extracts were treated in parallel with Calf Intestinal phosphatase, (CIP) to analyze the phosphorylation
pattern of Yap2. Pgk1 protein was used as loading control. (D) Yap2-HA protein stability was assessed by cycloheximide (CHX) chase. Cells were treated with 1 mM of CdCl2
for 10 min, exposed to 100 lg/mL of CHX and harvested at the indicated time points. (E) The graph represents the percentage of remaining Yap2-HA after cadmium and CHX
addition. Yap2-HA levels were normalized against Pgk1 levels.
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YAP2 from its background (Fig. 2B). Yap1 plays a central role in
cadmium detoxification and its absence renders cells extremely
sensitive to cadmium toxicity [10,12]. Removal of RCK1 from the
yap1 background made cells more tolerant to treatment with
higher cadmium concentrations. Deletion of both RCK1 and YAP2
from the yap1 strain genome restores the yap1 sensitive pheno-
type to cadmium (Fig. 2B).
We also examined by ICP-AES the intracellular levels of cad-
mium in the double mutant yap2rck1 (Table 1). We conclude that
yap2rck1 higher sensitivity to cadmium compared to the rck1
strain (Fig. 2A) could not be ascribed to differences in cellular cad-
mium contents, as they are similar in both strains (P value = 0.348,
see Table 1).Together these data suggest that the kinase Rck1 may have an
inhibitory effect on Yap2 activity.
3.3. Rck1 affects Yap2 activity and interferes with its stability and
localization
Aiming at understanding if the kinase Rck1 modulates Yap2
activity, we tested whether it interferes with Yap2 target gene
induction. Therefore, by means of quantitative RT-PCR we moni-
tored the expression of FRM2, a known and specific target of
Yap2 [13]. We observed that FRM2 was strongly induced in the
mutant rck1 in a Yap2 dependent way (Fig. 3A, compare FRM2
expression in rck1 and rck1yap2 mutants), indicating that in the
absence of Rck1, Yap2 is hyperactive.
Fig. 4. Yap2 nuclear export is affected by Rck1. WT and rck1 mutant cells expressing the fusion GFP-YAP2 were left untreated (Cd) or exposed to 1 mM of CdCl2 (+Cd) and
analyzed for GFP staining at the indicated time points, by fluorescence microscopy.
Fig. 5. Antioxidant defence genes are downregulated in the yap2 mutant. WT, rck1, yap2 and yap2rck1 strains were treated with 1 mM of CdCl2 for 30 min (+Cd) and the
relative expression of (A) TRX2 and (B) GPX2 genes were assessed by qRT-PCR. (C) The content of carbonyl groups in proteins after treatment with 1 mM CdCl2 for 90 and
120 min were evaluated with 2,4-dinitrophenylhydrazone (DNP), followed by immunoblot with anti-DNP antibody. Pgk1 was used as a loading control.
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examining YAP2 gene expression as well as Yap2 phosphorylation
status, stability and localization, in WT and rck1 mutant strains.
We found that YAP2 gene expression increased with cadmium,
but it was not affected by the absence of RCK1 (Fig. 3B). Also in
the rck1 mutant, the phosphorylation pattern of a HA tagged ver-
sion of Yap2 (Yap2-HA) did not seem to be altered upon cadmium
treatment (Fig. 3C). However, Yap2-HA turnover was clearly slo-
wed (half-life 158 min) in the rck1 mutant, as compared to the
WT (half-life 84 min).
Finally, we compared the kinetics of GFP-Yap2 localization in
the WT and rck1 mutant (Fig. 4). That cadmium stimulates Yap2
nuclear accumulation is well known [13,14]. After cadmium treat-
ment, Yap2 almost immediately translocates to the nucleus and 2 h
after the initial exposure it re-enters the cytoplasm [13,14]. Here
we show that the return of Yap2 to the cytoplasm is delayed in
the rck1 mutant. Indeed, in this strain, GFP-Yap2 nuclear staining
was still observed until 240 min of CdCl2 treatment, whereas in
WT cells after 180 min, nuclear fluorescence was no longer
detected.
3.4. Yap2 mediates the induction of antioxidant genes observed in the
rck1 mutant
As Yap2 plays a role in the oxidative stress response [21,22],
and in line with the previous section, we raised the hypothesis that
in the rck1 mutant, Yap2 might be over stimulating the expression
of antioxidant genes and consequently relieving cadmium-induced
oxidative injury. To test this, we first measured by quantitative RT-
PCR, the expression of the genes coding for Trx2 (thioredoxin) and
Gpx2 (2-Cys peroxiredoxin). Both genes are highly induced in the
rck1 mutant in a Yap2 dependent manner (Fig. 5A and B). We then
examined if the differences observed in the expression of antioxi-
dant genes could be translated into differences of oxidative dam-
age, among the strains. To this end, we examined the changes inFig. 6. Rck1 interferes Yap1 activity and protein stability. WT, rck1, yap1rck1 and yap1 str
(A) GPX2 and (B) TRX2 genes were assessed by qRT-PCR. (C) WT and rck1 strains trans
Western blot. Protein extracts were treated in parallel with Calf Intestinal phosphatase (C
control. (D) Yap1-HA protein stability was assessed by cycloheximide (CHX) chase. Cel
harvested at the indicated time points.the protein carbonyl status of yeast cells exposed to cadmium. Pro-
tein carbonylation is an early and commonly used indicator of pro-
tein oxidation, and results from oxidative modifications on amino
acid residues and by oxidative cleavage of the peptide chain [23].
Our results suggest that, upon cadmium treatment, the amount
of carbonylated proteins is slightly lower in the rck1 mutant as
compared to the yap2 and the double mutant yap2rck1 (Fig. 5C).
Oxidative damage was also evaluated by measuring the formation
of MDA, a product of lipid peroxidation, and by examining their
intracellular oxidation status using the probe DCF-DA that is sensi-
tive to ROS. We could not, however, detect significant differences
among the strains (data not shown).
Taken together our results indicate that the role played by Yap2
in rck1 resistance to cadmium cannot be solely ascribed to the
oxidative stress response.
3.5. Rck1 interferes with Yap1 protein levels and activity
The involvement and relevance of Rck1 in adaptation to the oxi-
dant tBOOH [14], led us to study whether its deletion might as well
impact on Yap1 activity, the yeast major regulator of the oxidative
stress response [11]. As such, we have monitored Yap1 activity,
phosphorylation pattern, localization and expression in the mutant
rck1 after and before cadmium treatment. We found that the hyper
activation of antioxidant genes, observed in the rck1 mutant and
above shown to be dependent on Yap2 (Fig. 5A and B), was also
dependent on Yap1 (Fig. 6A and B). We have constructed a HA-
tagged version of Yap1 and searched for different patterns of
Yap1 phosphorylation in the WT and rck1mutant strains. A similar
Yap1-HA protein pattern was registered in samples left untreated
or treated with CIP, either in the presence or absence of cadmium,
suggesting that this metal does not trigger Yap1 phosphorylation
(Fig. 6C). Also the kinetics of Yap1 localization, after cadmium
treatment, was not affected by the absence of Rck1 (Fig. S2). Inter-
estingly we found that, contrary to Yap2, Rck1 appears to stabilizeains were treated with 1 mM of CdCl2 for 30 min (+Cd) and the relative expression of
formed with YAP1-HA plasmid were treated with 1 mM of CdCl2 and analyzed by
IP) to analyze the phosphorylation pattern of Yap1. Pgk1 protein was used as loading
ls were treated with 1 mM of CdCl2 for 10 min, exposed to 100 lg/mL of CHX and
D. Mazzola et al. / FEBS Letters 589 (2015) 2841–2849 2847Yap1 as its deletion significantly diminishes Yap1 protein levels
and half-life (Fig. 6D).
3.6. Yap2 regulates CWI genes
As above suggested, Yap2 contribution to cadmium hyper resis-
tance displayed by the rck1 mutant cannot only rely on Yap2 over
stimulation of antioxidant genes. This notion prompted us to
search in the literature other pathways that could be regulated
by Yap2. The fungal cell wall is a key defense against environmen-
tal adversities [24]. Indeed upon exposure to hostile environments,
cell wall needs to be repaired and/or fortified through biosynthesis
and the integration of cell wall components. This process is medi-
ated by the activation of the cell wall integrity (CWI) pathway that
leads to the induction of an adaptive transcriptional program coor-
dinated by the MAPK Slt2/Mpk1 and mostly mediated by the tran-
scription factor Rlm1p [25]. Recently, the MAPKAK Rck1 was
shown to be involved in the cell wall stress response [15,16]. More-
over, Elsztein and colleagues have suggested that Yap1 can play a
role in cell wall maintenance by controlling the expression of
CWI genes [26]. Here we have addressed whether Yap2 could be
as well orchestrating the expression of CWI genes under cadmium
stress. As such we assessed by quantitative RT-PCR the expression
of SLT2, RLM1 and CHS1 (the gene of chitin synthase I) after cad-
mium treatment and their dependence on Yap2 (Fig. 7A–C). Inter-
estingly we found that all the tested genes are induced uponFig. 7. Yap2 regulates CWI genes under cadmium stress conditions. WT, yap1, rck1, yap2,
expression of (A) SLT2, (B) RLM1 and (C) CHS1 genes were assessed by qRT-PCR. Value
harvested, serially diluted and spotted onto control YPD plates or YPD plates containingcadmium treatment in a Yap2 dependent manner. Although Yap1
was shown to regulate those genes in response to the antiseptic
polymer polyhexamethylene biguanide [26], under cadmium
treatment, however, the scenario appears to be different, as dele-
tion of Yap1 does not interfere with their expression (Fig. 7A–C).
Surprisingly we found that deletion of RCK1 does not affect Yap2
regulation of CWI genes (compare gene expression in WT, rck1
and yap2 strains, under the +Cd conditions, in Fig. 7).
To further confirm the involvement of CWI genes in cadmium
response orchestrated by Yap2, we performed an epistatic analysis
(Fig. 7D). The rlm1 mutant strain is not sensitive to cadmium, as
compared to the WT strain. However, deletion of RCK1 gene from
the rlm1 background hampers the hyper resistance exhibited by
the rck1 strain. The slt2 mutant is sensitive to cadmium and co-
deletion of RCK1 does not confer any growth advantage. (Fig. 7D).
In this context, the partial regulation of SLT2 and RLM1 by Yap2
may contribute to the decreased resistance to cadmium exhibited
by the yap2rck1mutant when compared to the rck1 strain (Fig. 2A).
Our data clearly indicate that the CWI pathway has a role in
cadmium stress tolerance and unveil Yap2 as regulator of CWI
genes.
4. Discussion
Although Yap2 is a cadmium responsive factor, its role in cad-
mium detoxification remains elusive. Bilsland et al. have reportedyap1yap2 strains were treated with 1 mM of CdCl2 for 30 min (+Cd) and the relative
s are the mean of biological triplicates ± S.D. (D) Exponentially growing cells were
the indicated CdCl2 concentrations. Growth was recorded after 72 h at 30 C.
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work, we have explored whether Yap2 interaction with Rck1
affects yeast response to cadmium toxicity.
Unexpectedly, we found that deletion of RCK1 gene renders cells
more resistant to cadmium toxicity (Fig. 1). As removal of YAP2
from the rck1 background increases this strain sensitivity (Fig. 2),
we put forward the hypothesis that Yap2 was mediating cadmium
tolerance displayed by rck1 cells. Pertinent to this issue, we noticed
that cadmium cellular levels were similar in both rck1 and yap2r-
ck1 mutants (Table 1) and therefore growth disparities between
these strains could not be ascribed to different intracellular cad-
mium concentrations. Interestingly, abrogation of RCK1 from the
yeast genome resulted in a slight but significant (P value = 0.022)
decrease of cadmium contents (Table 1) and the mechanism
underlying this finding deserves to be further studied.
Our data put at play Rck1 as an inhibitor of Yap2 activity.
Indeed, in the absence of RCK1, the Yap2 target, FRM2, is over
induced (Fig. 3). Accordingly, we showed that Rck1 reduces Yap2
protein half-life and shortens the time period that Yap2 remains
in the nucleus upon cadmium treatment (Fig. 3). The prolonged
half-life of Yap2 observed in the rck1 mutant may be a conse-
quence of an ineffective Yap2 translocation to the cytoplasm. As
such, if Yap2 degradation occurs in the cytoplasm, one would
expect that the impairment of Yap2 nuclear extrusion would result
in a prolonged half-life.
In response to cadmium treatment, rck1 mutant cells upregu-
late antioxidant genes in a Yap2 and Yap1 dependent manner.
Indeed, deletion of one of these regulators is enough to compro-
mise the expression of the tested genes (Figs. 5A and B and 6A
and B). At the protein level, however, kinase Rck1 appears to have
an opposing effect on these regulators: it stabilizes Yap1 (Fig. 6D)
and shortens Yap2 half-life (Fig. 5D and E). As such, regarding the
physiological role of Rck1 under oxidative environments, it is
tempting to speculate that in the absence of Rck1, Yap2 stabiliza-
tion may be used as a means to overcome the depletion of Yap1
protein levels. It is well established that bZIP transcription factors
work as dimers [27]. Cohen et al. suggested that, during oxidative
stress, the Yap1 and Yap2 homodimers activate distinct regulons,
whereas Yap1/Yap2 heterodimers collaborate to regulate a sepa-
rate regulon [22]. In this context, given the negative correlation
between Yap1 protein levels and Yap1 activity observed in the
rck1 mutant (Fig. 6), one can put forward the hypothesis that
Yap1/Yap2 heterodimerization may occur to ensure a maximal
induction of antioxidant genes, under such conditions. If this is
true, Rck1 would work as a modulator of Yap1/Yap2 hetero or
homodimerization in oxidative environments. Further work in
this context is in progress, with the aim to clarify the putative
role of Rck1 in controlling Yap1 and Yap2 gene targets co-
regulation.
The increased tolerance to cadmium displayed by the rck1
mutant, and presumably mediated by the hyper activation of
Yap2 (Fig. 2A), cannot be fully assigned to an advantage of coping
with cadmium induced oxidative damages. In fact, although Yap2
mediates the overexpression of antioxidant genes observed in the
rck1 strain (Fig. 5A and B), at the biochemical level we could not
find striking oxidative differences between rck1 and yap2rck1
strains exposed to cadmium (Fig. 5C and data not shown). These
data have prompted us to search for other Yap2 putative targets
that could justify the different cadmium sensitivities displayed
by rck1 and yap2rck1 cells (Fig. 2A). As Rck1 and Yap1 have been
involved in cell wall stress response [15,16,26], we examined
whether Yap2 may as well regulate genes involved in the cell wall
integrity pathway. Our results indicate that cadmium induces the
CWI genes SLT2, RLM1 and CHS1 (Fig. 6), suggesting that this metal
damages the glucan structure of the yeast cell wall. Moreover, the
fact that the expression of these genes was downregulated aftercadmium treatment in the yap2 mutant indicates a potential regu-
latory role of Yap2 in the expression of CWI genes (Fig. 6).
Together our findings raise the possibility that, when activated
by cadmium, Yap2 serves a twofold propose: on the one hand it
induces genes that allow to cope with the oxidative damage, and
on the other hand it may play a role in cell wall maintenance by
controlling the expression of the CWI genes. Interestingly Skn7,
another yeast transcription factor was shown to have a dual role
in both oxidative and cell wall stresses [28,29].
Notably, CWI genes are not over induced in the rck1mutant and
do not depend on Yap1 (Fig. 7A and B), indicating that Yap2 may
have two distinct regulons: one co-regulated by Yap1 and the other
independent of this regulator.
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